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Abstract 10 
Vegetable cropping systems are often characterised by high inputs of nitrogen fertiliser. 11 
Elevated emissions of nitrous oxide (N2O) can be expected as a consequence. In order to 12 
mitigate N2O emissions from fertilised agricultural fields, the use of nitrification inhibitors, in 13 
combination with ammonium based fertilisers, has been promoted.  However no data is 14 
currently available on the use of nitrification inhibitors in sub-tropical vegetable systems. A 15 
field experiment was conducted to investigate the effect of the nitrification inhibitor 3,4-16 
dimethylpyrazole phosphate (DMPP) on N2O emissions and yield from broccoli production 17 
in sub-tropical Australia. Soil N2O fluxes were monitored continuously (3hr sampling 18 
frequency) with  fully automated, pneumatically operated measuring chambers linked to a 19 
sampling control system and a gas chromatograph.. Cumulative N2O emissions over the 5 20 
month observation period amounted to 298 g-N/ha, 324 g-N/ha, 411 g-N/ha  and 463 g-N/ha 21 
in the conventional fertiliser (CONV), the DMPP treatment (DMPP), the DMMP treatment 22 
with a 10% reduced fertiliser rate (DMPP-red) and the zero fertiliser (0N), respectively. The 23 
temporal variation of N2O fluxes showed only low emissions over the broccoli cropping 24 
phase, but significantly elevated emissions were observed in all treatments following broccoli 25 
residues being incorporated into the soil. Overall 70 to 90% of the total emissions occurred in 26 
this 5 weeks fallow phase. There was a significant inhibition effect of DMPP on N2O 27 
emissions and soil mineral N content over the broccoli cropping phase where the application 28 
of DMPP reduced N2O emissions by 75% compared to the standard practice. However, there 29 
was no statistical difference between the treatments during the fallow phase or when the 30 
whole season was considered. This study shows that DMPP has the potential to reduce N2O 31 
emissions from intensive vegetable systems, but also highlights the importance of post-32 
harvest emissions from incorporated vegetable residues. N2O mitigation strategies in 33 
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vegetable systems need to target these post-harvest emissions and a better evaluation of the 34 
effect of nitrification inhibitors over the fallow phase is needed. 35 
Introduction 36 
Nitrous oxide (N2O) is a potent greenhouse gas with a global warming potential of nearly 300 37 
times that of CO2  and is also the primary contributor to stratospheric ozone depletion  (IPCC, 38 
2007; Ravishankara et al., 2009). Globally, croplands are responsible for 60% of total 39 
anthropogenic N2O emissions and N2O emissions from agricultural activities are expected to 40 
increase by about 50% by 2020 due to increased use of nitrogen fertilizer and animal manure 41 
(Smith et al., 2007; US-EPA, 2006). In soils, N2O is mainly produced by the microbial 42 
processes of nitrification and denitrification and the application of nitrogen (N) fertilizers 43 
enhances these processes by increasing mineral N levels. Intensive vegetable production 44 
systems are generally characterized by high inputs of mineral fertiliser and consequently high 45 
N2O emissions can be expected.  Although N2O fluxes under various cropping systems have 46 
been investigated (Stehfest and Bouwman, 2006) only limited information is available for 47 
horticulture and current estimates of N2O emissions from vegetable production systems still 48 
show a wide range of uncertainties (Liu et al., 2013b). Extraordinarily high N2O emissions 49 
have been reported from heavily fertilised sub-tropical vegetable production systems in 50 
China. Jia et al. (2012) reported N2O fluxes ranging from 57 to 240 kg N2O-N ha-1yr-1 51 
(fertiliser rates 1500 - 4800 kg-N/ha-1 yr-1) from a typical vegetable field in Nangjin and Mei 52 
et al. (2011) emissions of 8.2 to 101.9 kg N2O-N ha-1yr-1 (fertiliser rates 680 – 1464 kg-N/ha-1 53 
yr-1) from conventional vegetable fields in the Yangtze River delta. In contrast reported N2O 54 
emissions from less intensively fertilised vegetable systems in temperate regions have been 55 
significantly lower. Pfab et al. (2012) reported emissions of 2.8 to 10.6 kg N2O-N ha-1yr-1 56 
(fertiliser rate 401 kg-N/ha-1 yr-1) from a temperate vegetable cropping system in Germany 57 
and Van der Weerden et al. (2000) emissions of 1.9 to 8.0 kg N2O-N ha-1yr-1 (fertiliser rates 0 58 
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- 52 kg-N/ha-1 yr-1) from an onion production system in New Zealand. These contrasting 59 
results show clearly that more detailed field measurements are required in order to obtain 60 
reliable estimates of N2O emissions and to assess GHG mitigation potential from vegetable 61 
production systems.  62 
In Australia horticulture represents only a small proportion of land used for agriculture 63 
(vegetable = 0.034%, horticulture = 0.13%), but horticulture accounts for 6 to 12% of 64 
nitrogen fertiliser use in Australian agriculture (Dalal et al., 2003). Aside from the high 65 
fertiliser N inputs vegetable crop residues incorporated into the soil after harvest can contain 66 
large amounts of N (up to 250 kg ha-1 of N)  (Neeteson and Carton, 1999). Residues with a 67 
low C/N ratio (typically ranging from C/N 10:1 to C/N 20:1 for broccoli) will be decomposed 68 
rapidly and release mineral N and easily available C. The greater availability of nitrate (NO3-) 69 
combined with enhanced microbial activity can create anaerobic microsites in the soil and in 70 
turn enhance denitrification (Flessa and Beese, 1995) which can lead to high long lasting 71 
fluxes of  N2O after the incorporation of the residues (Pfab et al., 2011). Consequently, the 72 
vegetable industry potentially contributes a significant proportion of Australia’s N2O 73 
emissions, with emissions likely to be relatively high on a ‘per unit area’ or ‘per unit 74 
production’ basis. However, to date there is no data on N2O emissions from vegetable 75 
production in Australia based on detailed field measurements. 76 
Over recent years, enhanced efficiency fertilisers (EEF) have been promoted as a tool to 77 
decrease nutrient losses to the environment and increase crop fertiliser use efficiency (Chen 78 
et al., 2008). In particular, nitrification inhibitors have been shown to be very effective in 79 
increasing crop yield and reducing losses of N fertiliser. Nitrification inhibitors block the 80 
enzyme ammonia monooxygenase which catalyses the first step of nitrification, i.e. the 81 
oxidation of ammonium (NH4+) to nitrite (NO2-). This inhibition delays soil microbial 82 
nitrification, resulting in lower soil NO3- levels and consequently reducing potential leaching 83 
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and denitrification losses. Over the past few years, one of these inhibitors, 3,4-84 
dimethylpyrazole phosphate (DMPP) has become fairly popular and several studies have 85 
demonstrated that the addition of DMPP to standard fertilizers can effectively reduce N2O 86 
emissions from cropped soils by up to 50% (Weiske et al., 2001; Zerulla et al., 2001). The 87 
efficiency of DMPP depends on soil and environmental parameters, such as soil texture, 88 
temperature and moisture.  A significant decrease in the effectiveness of DMPP at increased 89 
soil temperatures has been reported (Irigoyen et al., 2003; Merino et al., 2005).  90 
Up to now only one study investigating the effect of DMPP on N2O emissions in intensive 91 
vegetable production systems has been reported.  This study showed that it is possible to 92 
obtain a 50% reduction in N2O emissions over one year  (Pfab et al., 2012). However, this 93 
study was carried out in a temperate climate with frost periods during winter, and therefore it 94 
is still unclear how DMPP will effect N2O emissions in a sub-tropical climate with higher soil 95 
temperatures and heavy rainfall events. Moreover, there is only one study that investigated 96 
the impact of DMPP on N2O emissions using high frequency measurement with an 97 
automated measuring system (Liu et al., 2013a), while all other studies used manual sampling 98 
techniques based on low frequency manual measurements (approximately one hour of 99 
sampling 2 to 10 times per month). High frequency measurements are considered necessary 100 
to accurately quantify the inhibition effects of nitrification inhibitors on N2O emissions since 101 
it has been shown that taking a sample only once per day or once per week may over- or 102 
underestimate the inhibition effects by 30% and 60%, respectively (Liu et al., 2013a). 103 
Thus, the aims of this study were to quantify the fluxes of N2O from a broccoli production 104 
system in Australia over the broccoli cropping season and the post-harvest fallow phase and 105 
to quantify the effect of the use of DMPP coated fertiliser and different fertiliser rates on N2O 106 
emissions, soil inorganic N and yield. From the intensive high frequency (3hr sampling 107 
frequency) measuring campaign we investigated the hypotheses: 108 
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(i) that N2O emission from a sub-tropical vegetable cropping systems can be reduced 109 
by the use of DMPP coated fertiliser. 110 
(ii) that the incorporation of the vegetable residues into the soil can lead to high long 111 
lasting post harvest N2O emissions. 112 
Material and methods 113 
Study site 114 
The field was established in June 2012 at the Gatton Research Facility, located approximately 115 
80 km west of  Brisbane, Queensland, Australia (latitude 27 ° 33' S, longitude 152 ° 20' E, 94 116 
m above sea level). The climate is sub-tropical with predominantly summer rainfall and mean 117 
annual rainfall of 773 mm. The mean daily minimum and maximum temperatures are 18.7 118 
and 31.2°C in the summer, and 6.8 and 21.4°C in winter. The soil at the site is an Udic 119 
Argiustoll of alluvial fan and basalt rock origin with a surface slope of about 1%. Texture 120 
consisted of 60% sand, 18% silt and 19% clay, with an initial soil pH of 7.4 (0-10cm). 121 
Physical and chemical soil characteristics of the experimental plots are shown in Table 1.  122 
Field management and experimental design 123 
The experiment was conducted using four fertiliser treatments in three replications arranged 124 
in a randomized complete block design. A timeline of the experiment is shown in Table 2. 125 
Each experimental plot was 1.5 m wide x 10 m in length, with 2 rows and 67 plants per plot.  126 
Rows were 75cm apart and plants 30cm apart in the row. A 1 m wide buffer zone was 127 
included between plots. The fertiliser treatments were: 128 
1. Zero nitrogen fertiliser (0N) – i.e. no added fertilizer. 129 
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2. Conventional (CONV) - 120 kg N-1 ha-1 total application. 54 kg N-1 ha-1 Nitrophoska®  130 
basal application at planting (25th June) and 66kg N-1 ha-1 Urea in two applications as 131 
side dressing (6th and 20th August). 132 
3. Nitrification inhibitor  (DMPP) - 120 kg N-1 ha-1 total application ; with addition of 133 
nitrification inhibitor DMPP (trade name Entec®). 54 kg N-1 ha-1 (as Nitrophoska 134 
Entec®) basal application at planting (25th June) and 66kg N-1 ha-1 Urea (as Entec®) in 135 
two applications as side dressing (6th and 20th August). 136 
4. Nitrification inhibitor at a 10% reduced rate (DMPP-red). 108 kg N-1 ha-1 total 137 
application; with addition of nitrification inhibitor DMPP (trade name Entec® ).  49 138 
kg N-1 ha-1 Nitrophoska Entec®  basal application applied at planting (25th June) and 139 
59 kg N-1 ha-1 Urea Entec®  in two applications as side dressing (6th and 20th August) 140 
Container grown broccoli seedlings, cultivar “Bridge”, were transplanted on June 25, 2012. 141 
Five harvests were conducted between September 17 and October 3, 2012.  Yields were 142 
determined by counting the number of heads and weighing the heads for each plot. On 143 
October 24 the residues of the broccoli crop were incorporated into the soil by mulching and 144 
rotary hoeing (a standard commercial practice).  The field remained fallow until November 145 
29, 2012. 146 
The fertiliser rate of 120kg-N /ha and application in three split doses was based on a standard 147 
rate of nitrogen application for broccoli and followed “good agricultural practice” for the 148 
Lockyer Valley. Fertilizer treatments were applied by hand ensuring even application over 149 
each plot and incorporated using a rotary hoe just prior to transplanting broccoli seedlings. 150 
The plots were irrigated with bore water using a hand-shift sprinkler irrigation system. 151 
Irrigation was applied during times with low wind speeds to assure uniformity of application. 152 
Irrigation amounts were measured using a rain gauge installed at the centre of each plot and 153 
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were scheduled on a weekly basis, except when sufficient rain had fallen in the previous 154 
week.  155 
Continuous N2O and CO2 flux measurement 156 
N2O fluxes were measured with a mobile fully automated measuring system over the 157 
cropping season of broccoli from June 25 to October 23, 2012 and the following fallow phase 158 
from October 23 to November 28, 2012. Measurements were taken from every plot using a 159 
fully automated measuring system similar to the one described in Scheer et al. (2012, 2013)  . 160 
The system consisted of twelve acrylic static chambers (50 cm x 50 cm x 15 cm) that were 161 
fixed on stainless steel bases inserted permanently into the soil to a depth of 100 mm and 162 
installed in the space between the broccoli rows, directly measuring the gas fluxes from the 163 
soil. Two chamber bases were located in each plot and the measuring chambers moved 164 
between the two bases every two weeks in order to minimise the effect of the chamber on soil 165 
properties. 166 
The automated chambers were sealed air tight during sampling by two lids that opened and 167 
closed via pneumatic actuators. During a measurement cycle a set of four chambers closed 168 
for 60 min and each chamber was sequentially sampled for 3 min followed by a known 169 
calibration standard. This process was repeated at 15 min intervals, sampling each chamber 170 
four times over a 1h closure period. At the end of the cycle the chambers reopened and the 171 
next set of four chambers closed to be sampled. A complete full cycle of twelve chambers 172 
lasted for 3 hours, during which each chamber was sampled for 1 hour and remained opened 173 
for 2 hours to restore ambient conditions. With this method up to 8 single fluxes could be 174 
determined per chamber each day. To minimise a potential climatic impact of the chamber 175 
transparent tinted plastic coating was placed on the lids to reduce heat build-up within the 176 
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chambers when closed. A tipping bucket rain gauge (Davis Instruments Corp. CA, USA) 177 
connected to the system allowed for automated opening of the lids during rainfall events. 178 
After chamber closure, air samples were automatically pumped from the head-space of the 179 
chamber into the sampling unit with a flow rate of 200ml min-1. A single path infra-red gas 180 
analyser (Licor, LI 820, St Joseph, MI, USA) was used to measure CO2 concentration of the 181 
sample continuously (1 Hz) over the 3min sampling period. At the end of a 3 min sampling 182 
period a 3ml gas sample was injected into the carrier stream of a gas chromatograph (SRI 183 
8610C, Torrance/USA) equipped with a 63Ni electron capture detector (ECD) for N2O 184 
analysis. To minimize the interference of moisture vapour and CO2 on N2O measurement, a 185 
pre-column filled with sodium-hydroxide-coated silica was installed upstream of the ECD 186 
and changed regularly, prior to becoming saturated with moisture. Sample gas measurements 187 
were calibrated automatically by a single point calibration using certified gas standards (Air 188 
Liquide, Dallas, TX, USA) of 0.5 ppm N2O.  The detection limit of the system was 189 
approximately 1.0 µg N2O-N m-2 hour-1 for N2O and 1 kg CO2-C ha-1 day-1 for CO2 fluxes; 190 
sample dilution via leakage was considered negligible. 191 
Flux calculations 192 
Fluxes of N2O from the automated chambers were calculated from the slope of the linear 193 
increase or decrease over the 4 concentrations measured over the closure time similar to the 194 
procedure outlined by Barton et al (2008). CO2 flux was determined from the linear increase 195 
of 6 concentrations taken during the first 2 sampling intervals; i.e. 15-24 minutes after closure 196 
(depending on the chamber number in the sampling sequence). Flux rates were expressed on 197 
an elemental weight basis as both [µg N2O-N m-2 hr-1] and [g N2O-N ha-1 day-1]  for N2O, and 198 
[mg CO2-C m-2hr-1] and [kg CO2-C ha-1 day-1] for CO2. The flux rates were calculated and 199 
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corrected for air temperature, atmospheric pressure and the ratio of chamber volume to 200 
surface area as follows. 201 
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where 0.02241 m3 is 22.41 L mol volume, T is the chamber temperature during the 212 
measurement (Kelvin), 0p  is air pressure at sea level and 1p is the air pressure at the 213 
experimental site. Air pressure at the site was estimated from the height above sea level using 214 
a barometric equation.  215 
Daily fluxes were calculated by averaging sub-daily measurements for each chamber over the 216 
24 hour period (midnight to midnight) before averaging across the 3 replicate chambers. To 217 
calculate seasonal cumulative fluxes, calculated daily fluxes were then summed according to 218 
the measurement period. Gaps in the dataset were filled by linear interpolation across missing 219 
days. 220 
 221 
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Auxiliary measurements 222 
Soil temperature (at a depth of 10 cm) and chamber temperature was measured every minute 223 
in conjunction with the automatic sampling system using a PT100 probe (Temperature 224 
Controls Pty, Australia). An electronic weather station was installed at the research site to 225 
measure local weather variables. The station recorded daily values of air temperature 226 
(maximum, minimum, and average), relative humidity, wind speed and rainfall.  Soil 227 
moisture was measured from 0-10cm continuously in one plot per treatment using a MP406 228 
standing wave soil moisture probe (ICT International Pty Ltd, Armidale, NSW, Australia) 229 
that was calibrated for the soil at the research site. Water-filled pore space (WFPS) was 230 
calculated using measured soil bulk density data (arithmetic means of four samples) and an 231 
assumed particle density of 2.65 g cm-3 (Werner et al., 2006). The mineral N content of the 232 
surface soil (0-10cm) was measured immediately before planting and weekly over the 233 
growing season of the broccoli and at the beginning and the end of the post-harvest phase. At 234 
each sampling date, eight samples were taken randomly from each replicate plot with a soil 235 
auger and combined to a bulk sample, resulting in three replicate samples per treatment. NO3- 236 
and NH4+ were extracted from the soil samples by adding 80ml of 2M KCl to 20g of field-237 
moist soil and shaking it for 1h. Concentrations of NO3- and NH4+ in the extracts were 238 
measured calorimetrically using a discrete analyser (SEAL AQ2+, SEAL Analytical Inc., 239 
USA). 240 
Five harvests were conducted between September 17 and October 3, 2012.  Yields were 241 
determined by counting the number of heads and weighing the heads for each plot. 242 
Broccoli head maturity was determined by the following Produce Specifications (Anon, 243 
2014) for the Australian domestic market:- 244 
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 Fresh flat domed shaped heads (curd); stalks with even, clean fresh cuts, no leaves 245 
growing through the head; no evidence of bud opening or sprouting. 246 
 Blue-green to purple-green florets; light green stalks; white to cream cut flesh at base 247 
 Compact domed heads (not loose or spreading); floret size relatively even over the 248 
whole head. 249 
 Head diameter 100-140mm (medium); 140-160mm (large). Stalk length 50-70mm. 250 
 251 
Calculations and Statistical Analysis  252 
Linear mixed models were employed to estimate and compare trends in gas and soil nitrogen 253 
due to fertiliser regime. The models defined fixed terms enabling a linear response over time 254 
to vary with treatment. The models included a cubic spline basis formulated as random 255 
effects to allow for curvature about the linear response and to smooth through high frequency 256 
variation (see for example Verbyla et al 1999).. A term allowing the cubic spline to depend on 257 
treatment was also included. Random effects defining a trend for each plot were included to 258 
allow for intra plot correlation between the repeated observations. Null hypothesis 259 
significance tests for the fixed terms were assessed by Wald statistics and likelihood ratio 260 
tests were conducted to test the importance of the random effects. Estimated trends over time 261 
for each fertiliser regime were predicted and presented graphically with +/- twice the standard 262 
error of predictions used to approximate a 95% confidence interval. 263 
Cumulated gas emissions from each plot were calculated as area under the curve  by 264 
approximate integral. Effects of treatment on total emissions were assessed by two-way 265 
analysis of variance which estimated variability due to experimental block and treatments. 266 
The null hypothesis significance test for treatment was conducted by F-ratio test. Treatment 267 
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effects on average total emissions were compared statistically by comparison with a least 268 
significant difference calculated at 5% critical value.  269 
Influence of sampling frequency on cumulate N2O estimates 270 
To assess the influence of sampling timing and frequency on cumulated N2O estimates and 271 
estimate possible errors of low frequency measurements we compared several sampling 272 
strategies to the continuous measured data. The influence of diurnal variation in N2O was 273 
evaluated by culling the series from each plot to once daily observations from midnight to 274 
midnight within 8 three hour blocks of daily observations from each plot. Total emission was 275 
estimated from each series by application of the trapezoidal rule. These values were 276 
compared to plot estimates obtained from the original data by paired t test. 277 
In addition, high frequency (3 hourly) N2O flux observations were arbitrarily reduced to 278 
various low frequency scenarios. The complete series of N2O flux estimates from each 279 
chamber in the experiment was culled as follows. 280 
1. Complete series (approx 924 observations per plot, 155 days) 281 
2. Single daily observation between 0900 and 1200 when present (approx 155 282 
observations per plot) 283 
3. Single observation on Mondays 0900-1200 when present (approx 23 observations per 284 
plot) 285 
4. Single observation on Wednesdays 0900-1200 when present (approx 23 observations 286 
per plot) 287 
Statistical analyses and graphical presentations were conducted in the R environment (R Core 288 
Team (2013) including use of the asreml package (Butler et al 2009). 289 
 290 
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Results 291 
Seasonal variability of environmental and soil conditions 292 
Over the observation period 309mm of rainfall was recorded at the study site including one 293 
heavy rainfall event exceeding 90mm on a single day on November 18 during a summer 294 
thunderstorm. In addition the different treatments received 315mm of irrigation water in 14 295 
applications as it is common practice in the study region. The rainfall at the site was slightly 296 
higher than the long term mean rainfall (287mm) over the study period. The mean air 297 
temperature over the study period was 17.8 ºC; maximum hourly air temperature (38.7 ºC) 298 
was recorded in November, while minimum hourly air temperature (-1.1 ºC) was recorded in 299 
August 2010. Average daily soil temperatures (10cm) ranged from 11.6 ºC to 29.1 ºC with 300 
lowest soil temperatures during July-August and highest towards the end of the study period 301 
in November 2010 (Figure 1). Soil water filled pore space (WFPS) of the upper soil (10cm) 302 
varied over the season in response to rainfall and irrigation events. Due to frequent rainfall or 303 
irrigation over the broccoli growing phase and the high water holding capacity of the clay soil 304 
moisture levels stayed high with WFPS ranging from 55 to 77% (Figure 1). Lowest values 305 
(48% WFPS) were observed at the end of the growing phase in early October after irrigation 306 
had ceased, but increased again following rainfall in late October, early November and 307 
reached highest values (82% WFPS)  after a heavy rainfall (96mm) on November 18.  308 
Hourly N2O emissions and cumulative losses 309 
Hourly N2O emissions showed typical high temporal and spatial variability as is commonly 310 
reported for soil N2O fluxes. The temporal course of the measured N2O fluxes is displayed in 311 
Figure 2. Over the broccoli growing phase (25 June – 23 Oct) only very small N2O emissions 312 
were observed in the 0N and DMPP and DMPP-red treatments (-2.7 to 10.4 µg N2O-N m-2 h-313 
1), while in the CONV treatments a 2 week period of elevated N2O fluxes (1.6 to 57.7 µg 314 
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N2O-N m-2 h-1) was observed after the application of nitrogen side-dressing fertiliser on Aug 315 
20. Over the following fallow phase (24 Oct – 28 Nov) significantly elevated N2O emissions 316 
occurred in all treatments after the broccoli residues had been incorporated into the soil. 317 
Highest emissions were observed between Oct 30 and Nov 1, reaching 243.8 µg N2O-N m-2 318 
h-1, 224.3 µg N2O-N m-2 h-1, 142.2 µg N2O-N m-2 h-1 and 167.5 µg N2O-N m-2 h-1 in the 0N, 319 
CONV, DMPP and DMPP-red treatments respectively. After this N2O fluxes declined slowly 320 
and peaked again after rainfall events on November 11 and November 18. 321 
The linear model for the broccoli cropping phase indicated statistically significant effects of 322 
treatment and time (p<0.001) on the linear and smooth components of the trend. As shown in 323 
figure 2, these are explained by a period of increased flux in the conventional treatment after 324 
the application of fertiliser on Aug 20. For the fallow phase, the linear model indicated that 325 
treatment did not have a significant effect on the linear components of the trend but did 326 
modify the cubic spline component (p<0.05). As displayed in figure 2, the data indicate 327 
general agreement in average flux during the fallow phase although higher emissions from 328 
0N plots occurred in the first 10 days after the incorporation of broccoli residues into the soil. 329 
 Corresponding cumulative N2O emissions over the entire 5 month observation period ranged 330 
from 298 to 463 g N2O-N ha-1 for the different treatments (Table 3). N2O fluxes over the 331 
fallow phase were substantially higher than over the broccoli growing season and 70 to 90% 332 
of the total emissions occurred in the 5 weeks fallow phase. There was a significant inhibition 333 
effect of DMPP on N2O emissions after the application of fertiliser on August 20 resulting in 334 
a 75% reduction in N2O emissions over the broccoli growing season but there was no 335 
statistical difference between the treatments during the fallow phase or when the whole 336 
season was considered (Table 3). 337 
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A diurnal temperature effect on N2O fluxes was observed over the entire observation period 338 
which was strongest when soil moisture conditions and soil mineral N content were non-339 
limiting. A representative example (22-25 August) for one chamber of the CONV treatment 340 
is shown in Figure 3. Soil temperature variation during this period ranged from 8.4 °C to 341 
15.8 °C with maximum soil temperatures occurring between 15:00 and 16:00 and minimum 342 
between 7:00 and 8:00. N2O emissions ranged from 4.9 to 49.3 during this period 343 
(corresponding to a 4-7 fold increase over one day) with maximum emissions between 12:00 344 
and 15:00 and minimums between 4:00 and 7:00. 345 
Hourly CO2 emissions and cumulative losses 346 
In contrast to N2O, there was no significant treatment effect on the soil CO2 flux (Table 4). 347 
The CO2 emission pattern was similar in all treatments and similar to the N2O emission 348 
pattern which is characterised by comparably low fluxes over the broccoli growing season 349 
and significantly elevated fluxes over the fallow phase (Figure 4). During the first 40 days of 350 
the growing phase, only very low fluxes (0 – 2 kg CO2-C ha-1 day-1) occurred in all 351 
treatments. From August onwards until the broccoli harvest, periods of elevated emissions 352 
(up to 20 kg CO2-C ha-1 day-1) were observed, in particular, after rainfall and irrigation. The 353 
incorporation of the broccoli residues into the soil after harvest resulted in a clear CO2 354 
emission peak reaching up to 80 kg CO2-C ha-1 day-1 that lasted approx. one week. CO2 355 
fluxes stayed elevated until the end of the observation period and were once more stimulated 356 
by rainfall in mid- November. Cumulative emissions over the 5 month observation period 357 
ranged from 3.52 to 3.85 Mg CO2 ha-1 for the different treatments with 50-65% of the total 358 
emissions occurring over the 5 week fallow phase (Table 3). Like N2O, soil CO2 fluxes 359 
showed a clear diurnal pattern following changes in temperature over the day (Figure 3). 360 
Highest emissions were observed between noon and early afternoon (12:00 – 15:00), lowest 361 
emissions in the early morning (4:00 – 7:00).  362 
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Influence of sampling frequency on cumulate N2O estimates 363 
There was a significant effect of the sampling time of the day on cumulated N2O estimates.  364 
The results of frequency analysis are shown in Figure 5. Samples taken between 0300-0600 365 
and 0600-0900 in the morning significantly underestimated cumulated emissions by 13% and 366 
23%, respectively. Samples taken between 0900-1200 and 1200-1500 overestimated 367 
cumulate emissions by 12% and 14%, respectively. Samples taken during other 3 hour blocks 368 
during the day didn’t show a significant difference but deviated from the cumulated 369 
emissions based on complete observations between 1% and 5%.  370 
The effect of reduced sampling frequency on cumulate N2O estimates is shown in Table 5. 371 
Taking one sample per day 0900-1200 followed the trend of the cumulated emissions based 372 
on complete observations but resulted in a 12% overestimation of N2O emissions on average. 373 
Samples taken 0900-1200 each Monday or Wednesday resulted in high variability of the 374 
estimates.  375 
Seasonal variability of soil mineral N and yield  376 
Soil NH4+ and NO3- concentrations in the surface soils varied over the observation period and 377 
there was a significant effect of the fertiliser treatment (Figure 6). Over the course of the 378 
experiment NH4+ was the dominant form of soil mineral N with averages ranging from 2.7 to 379 
73.8 mg-N kg-1  soil dry weight in the different treatments. The application of DMPP 380 
increased soil NH4+ concentrations significantly while there was no difference between the 381 
CONV and the 0N treatment. Average soil NH4+ concentrations over the entire observation 382 
period ranged from 7.5 ± 1.5, 7.4 ± 0.5, 29.8 ± 11.3 and 26.8 ± 11.4  mg-N kg-1  in the 0N, 383 
CONV, DMPP and DMPP-red treatments respectively. 384 
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Soil NO3- concentrations varied from 0.4 to 15.8 mg-N kg-1 in the different treatments (Figure 385 
4) with average values over the entire experiment ranging from 2.5 ± 0.5, 4.5 ± 0.6, 4.3 ± 0.5 386 
and 5.7 ± 1.1 mg-N kg-1 in the 0N, CONV, DMPP and DMPP-red treatments respectively. 387 
Highest soil NO3- concentrations were found in all treatments over the fallow phase because 388 
of the mineralisation of the broccoli residues. Over the cropping phase soil NO3- 389 
concentrations were significantly lower in the 0N treatment. There was no significant effect 390 
of DMPP on overall soil NO3- contents, but we found significantly increased NO3- 391 
concentrations in the CONV treatment on August 27 one week after the last fertiliser 392 
application and significantly lower NO3- concentrations in the DMPP treatment at the end of 393 
the experiment on November, 27. 394 
Total broccoli yield ranged from 4.8, 8.9, 9.0 and 9.9 (se 0.40) Mg ha-1 in the 0N, CONV, 395 
DMPP and DMPP-red treatments, respectively (Table 6). There was a significant effect of 396 
fertiliser application on broccoli yield. Total yield and number of heads per hectare increased 397 
by almost 100% with the application of fertiliser, but we did not find any significant effect of 398 
DMPP on yield. There was also no significant difference in yield between the reduced 399 
(DMPP-red) and the standard fertiliser rate (DMPP, CONV).  400 
Discussion 401 
N2O and CO2 emissions  402 
Average N2O emissions over the experimental period ranged from 1.9 to 3.0 g N2O-N ha-1 403 
day-1. These emissions are low compared to emissions reported for other vegetable cropping 404 
systems where often extraordinarily high emissions were found. However, little data is 405 
available for vegetable production systems in Australia. Liu et al. (2013b) summarised global 406 
data on reported N2O emissions from vegetable fields and found mean average emissions of 407 
57.8 g N2O-N ha-1 day-1 (ranging from 3.3 to 703.3 g N2O-N ha-1 day-1) for fertilised open-air 408 
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vegetable cropping systems. These significantly higher emissions can mainly be explained by 409 
very significant differences in fertiliser management. While our system received a rather 410 
moderate fertiliser rate of 120 kg-N ha-1 over the 5 month cropping phase many vegetable 411 
production systems reported in the literature are characterised by extremely high N inputs of 412 
mineral N fertiliser and/or manure, sometimes exceeding 1000 kg ha-1 yr-1  (e.g. (Jia et al., 413 
2012; Mei et al., 2011).  These extremely high levels of nitrogen fertilizer application are 414 
atypical of Queensland and Australian vegetable production systems. But N2O emissions 415 
found in our study are also at the lower end of emissions reported from vegetable production 416 
systems where comparable rates of mineral fertiliser had been applied. Dobbie et al. (1999) 417 
reported emissions from 9.1 to 12.2 kg N2O-N ha-1 from a broccoli crop fertilised with 130 to 418 
230 kg-N ha-1 from a broccoli crop in SE Scotland; Pfab et al. (2012) reported N2O emissions 419 
ranging from 2.8 to 8.8 kg N2O-N ha-1 yr-1 from a lettuce/cauliflower rotation fertilised with 420 
400 kg-N ha-1 in Germany.  421 
It is not entirely clear what drives these considerable differences in N2O emissions from 422 
different vegetable systems. We presume that the comparatively low N2O losses at our site 423 
resulted from a limited availability of labile carbon in the soil, the alkaline soil pH and the 424 
lack of extended periods of anaerobic soil conditions. These factors have been shown to 425 
significantly affect N2O emissions and N2O fluxes have been reported to increase with 426 
increasing SOC content and N2O losses are generally lowest in alkaline soils (Bouwman et 427 
al., 2002). The very low N2O emissions over the cropping phase from the 0N and inhibitor 428 
treatment indicate very low soil nitrification and denitrification activity in those treatments.  429 
The clear peak of N2O emission in the CONV treatment after the second side dressing of 430 
fertiliser end of August most likely resulted from a combination of increased nitrification 431 
activity which increased soil NO3- levels and subsequently increased N2O production from 432 
denitrification. The low SOC content at our site and the low soil respiration rates over the 433 
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cropping phase clearly indicate limited soil carbon availability which presumably restricted 434 
denitrification activity and thus explains the low N2O emissions over the broccoli growing 435 
phase. The carbon limitation is further supported by the substantial change of the soil 436 
respiration and N2O emission rates after the incorporation of the broccoli residues into the 437 
soil. 438 
The hypothesis that the incorporation of the vegetable residues can lead to high long lasting 439 
post harvest N2O fluxes was clearly confirmed by the study. In all treatments highest N2O 440 
fluxes occurred following the incorporation of the broccoli residues into the soil and 70 to 441 
90% of the total emissions occurred in the 5 weeks fallow phase.CO2 and N2O fluxes 442 
increased immediately after the addition of the plant material and reached a maximum after 5 443 
and 7 days, respectively. Average CO2 emission rates increased by 5-7 fold over the fallow 444 
phase which indicates a rapid decomposition of the added plant material and a fast release of 445 
mineral N and readily available C into the soil. The high O2 consumption rates during the 446 
residue decomposition most likely created anaerobic microsites in the soil which combined 447 
with an increased NO3- supply from residual N enhanced denitrification and resulted in 448 
elevated fluxes of N2O. Similar high long lasting fluxes of CO2 and N2O after the 449 
incorporation of vegetable residues have been reported by several studies (Flessa and Beese, 450 
1995; Pfab et al., 2012) and show that the management of crop residues are an important 451 
factor influencing soil N transformations and N2O emissions in vegetable production systems.  452 
Diurnal pattern of N2O and CO2 emissions and influence of sampling frequency on 453 
cumulate N2O estimates 454 
An association between temperature and N2O and CO2 fluxes was observed when other 455 
factors such as soil moisture were not limiting. Fluxes showed a daily sinusoidal pattern 456 
reaching highest emissions between noon and early afternoon (12:00 – 15:00) and lowest 457 
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emissions in the early morning (4:00 – 7:00) (Figure 3). This pattern was similar to other 458 
studies on diurnal N2O and CO2 emissions (Livesley et al., 2008; Parkin and Kaspar, 2003; 459 
Wang et al., 2010) and increases in fluxes over a diurnal cycle of 7 fold and 4 fold over one 460 
day was observed for N2O and CO2, respectively.  461 
Based on the high frequency data obtained we estimated the possible error associated with 462 
single daily flux measurements for this experiment. Taking only one sample between 9:00 463 
and 12:00 per day as it is commonly practiced by many manual sampling campaigns would 464 
have resulted in a 12% overestimation of the average flux rate for N2O (Figure 5). N2O 465 
measurements taken early morning or early afternoon may have under- or over- estimated 466 
fluxes by 23% and 13%, respectively. This error will become even larger when 467 
measurements are conducted less frequently than every day since low frequency 468 
measurements may randomly hit or miss short–lived emission peaks.  The deviation range 469 
from the mean flux was found to increase with increasing sampling frequency and a weekly 470 
sampling regime with samples taken between 9:00 and 12:00, as it is commonly practiced, 471 
resulted in a worst case of 93% over estimation of the total emission and could therefore 472 
completely override any treatment effect (Table 5). However, it needs to be noted that the 473 
effect of sampling frequency applies to the climatic conditions found at our study site. To 474 
draw general conclusions about the influence of sampling frequency more data across a range 475 
of different climate and cropping systems is needed. These results highlight the need for 476 
high-frequency measurements in cropping systems where N2O fluxes show a clear diurnal 477 
variation and sporadic emission peaks in order to evaluate mitigation options for management 478 
strategies, accurately.  479 
 480 
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Influence of nitrification inhibitor (DMPP) on N2O emissions and implications for 481 
mitigating N2O emissions 482 
There was a clear effect of the addition of DMPP on N2O emissions and soil mineral N 483 
content over the broccoli cropping phase. In particular, after the second side dressing of 484 
fertiliser on August 20 we observed a clear peak of N2O emission in the CONV treatment, 485 
but only small emissions in the inhibitor treatments. In soils, N2O is produced during 486 
nitrification and denitrification. The application of DMPP reduced nitrification and 487 
subsequent denitrification and consequently decreased soil N2O production. This effect is 488 
further corroborated by the increased soil NH4+ concentrations in the DMPP and DMPP-red 489 
treatment from mid-July to beginning of September, and significantly increased NO3- 490 
concentrations in the CONV treatment on August 27 one week after the second fertiliser 491 
application. These results demonstrate that DMPP was effective in delaying the oxidation of 492 
NH4+ in the soil and prevented the build-up of soil NO3-. DMPP, therefore, reduced losses of 493 
N2O from nitrification and denitrification up to the level of the unfertilised control (0N) 494 
treatment. The hypothesis that N2O emission from a sub-tropical vegetable cropping system 495 
can be reduced by the use of DMPP coated fertiliser was confirmed over the broccoli 496 
cropping phase where the addition of DMPP resulted in a 75% reduction in N2O emissions 497 
compared to the standard practice. This is at the higher end of the reductive effect of DMPP 498 
on N2O emissions reported by other studies, where commonly a reduction by 50% has been 499 
reported (Pfab et al., 2012; Weiske et al., 2001; Zerulla et al., 2001). 500 
However, the hypothesis that DMPP can reduce N2O emissions did not hold over the post-501 
harvest phase where no significant effect of DMPP on N2O emissions was found. The 502 
incorporation of crop residues at harvest resulted in a 4 week period of substantially elevated 503 
emissions with no clear treatment effect. Nevertheless, for 10 days immediately after 504 
incorporation of the broccoli residues we observed lower N2O emissions in the DMPP 505 
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treatments (Figure 2). In addition, we found significantly reduced NO3- levels and increased 506 
levels of soil NH4+ in the DMPP treatments at the end of the study on November 29 (Figure 507 
6). These results indicate that DMPP might continue to be effective over the post-harvest 508 
phase. The period of time over which DMPP is effective strongly depends on soil 509 
temperature and it has been shown that at 20º C, this effect lasts approximately 7 weeks 510 
(Zerulla et al., 2001). It appears that in our study, with an average soil temperature of 17ºC, 511 
there was still a small effect of DMPP nine weeks after the last application. However, the 512 
effect was most likely not sufficiently strong to have a significant effect on N2O emissions 513 
over the entire four week post-harvest phase. These results suggest that DMPP has the 514 
potential to reduce nitrification and N2O emissions from nitrogen released during the 515 
decomposition of vegetable residues that are incorporated into the soil but, in order to be 516 
effective, needs to be applied at no longer than 2 weeks before the residue incorporation. We 517 
propose that application of a nitrification inhibitor like DMPP before residue incorporation 518 
could potentially increase NUE and decrease N2O emissions from vegetable systems. This 519 
hypothesis should be verified by further research. 520 
Conclusion 521 
Automated high frequency measurements were conducted to study the effect of DMPP on 522 
N2O emissions in a sub-tropical vegetable cropping system. Such data is crucial to accurately 523 
quantify the effects of nitrification inhibitors on N2O emissions. There was a significant 524 
effect of DMPP on N2O emissions and soil mineral N content over the broccoli cropping 525 
phase; compared to the standard practice the application of DMPP reduced N2O emissions by 526 
75% equivalent to the emissions from the unfertilised control treatment. The temporal 527 
variation of N2O fluxes demonstrated that low emissions occurred over the broccoli cropping 528 
phase, but significantly elevated emissions were observed in all treatments, following 529 
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broccoli residues being incorporated into the soil. This study shows that DMPP can reduce 530 
N2O emissions from vegetable cropped soils, but highlights that highest N2O emissions can 531 
occur post-harvest after the incorporation of the vegetable residues. Consequently, post-532 
harvest emissions need to be targeted for developing N2O mitigation strategies. The study 533 
suggests that in such systems the application of DMPP before the incorporation of the crop 534 
residues could potentially reduce post-harvest N2O emissions. Further long term studies on 535 
the effect of DMPP in vegetable systems are required to assess the full potential of DMPP in 536 
reducing N losses to the environment and increasing fertiliser-N efficiency. Moreover, further 537 
research needs to evaluate the economic costs and benefits associated with the use of DMPP 538 
to determine if the increased costs of DMPP fertiliser can be compensated by reduced 539 
fertiliser application rates and/or an increase in yield. 540 
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Table legends: 641 
Table 1. - Physical and chemical soil characteristics of the experimental site – Gatton 642 
Research Facility, Gatton, Queensland, Australia. 643 
Table 2. – Timeline of crop management during the experiment. 644 
Table 3: Average cumulative N2O flux [g N2O-N ha-1] under crop, fallow and in total with 645 
standard error of the means (se) and least significant difference (lsd) at 5% critical value. 646 
Table 4: Average cumulative CO2 flux [Mg CO2 ha-1] under crop, fallow and in total with 647 
standard error of the means (se) and least significant difference (lsd) at 5% critical value. 648 
Table 5: Estimates and standard error (se) of total N2O flux [g N2O–N ha-1] based on the 649 
complete (‘sub-daily’) series and  reduced frequency scenarios based on 0900-1200 samples 650 
daily and weekly on Mondays and Wednesdays. 651 
Table 6: Average broccoli yield and number of broccoli heads per plot in total with standard 652 
error of the means (se) and least significant difference at 5% critical value.  653 
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 655 
 656 
Soil Property 0-10 cm 
Organic Carbon (%) 1.0 
Total Nitrogen (%) 0.08 
pH (H2O) 7.4 
Texture (USDA) Sandy Loam 
CEC (meq+/100g) 25 
Clay (%) 20 
Silt (%) 19 
Sand (%) 60 
Table 1. - Physical and chemical soil characteristics of the experimental site – Gatton Research 657 
Facility, Gatton, Queensland, Australia. 658 
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Date Management 
25 June 2013 Transplanting of the broccoli seedlings 
25 June 2013 Basal fertiliser application 
6 August 2013 First fertiliser side dressing 
20 August 2013 Second fertiliser side dressing 
17 Sept. – 3 Oct 2013 Harvest of broccoli heads 
24. October 2013 Incorporation of broccoli residues 
25 Oct. – 28 Nov. 2013 Fallow period 
29 Nov. 2013 End of experiment 
Table 2. – Timeline of crop management during the experiment. 660 
 661 
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 Crop 
(25.June to 23.Oct. 2012) 
Fallow 
(24.Oct. to 28.Nov. 2012) 
Total 
(25.June to 28.Nov. 2012) 
0N 52.5 406.9 463.2 
CONV 116.7 291.3 411.2 
DMPP 40.0 257.8 298.1 
DMPP-red 41.3 281.6 323.9 
se 13.4 63.9 72.5 
lsd 40.0 160.6 172.2 
Table 2: Average cumulative N2O flux [g N2O-N ha-1] under crop, fallow and in total with standard 664 
error of the means (se) and least significant difference (lsd) at 5% critical value. 665 
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 668 
 
 
Crop 
(25.June to 23.Oct. 2012) 
Fallow 
(24.Oct. to 28.Nov. 2012) 
Total 
(25.June to 28.Nov. 2012) 
0N 1.17 2.38 3.67 
CONV 1.47 1.94 3.52 
DMPP 1.25 2.20 3.52 
DMPP-red 1.58 2.20 3.85 
se 0.11 0.29 0.37 
lsd 0.40 1.03 1.32 
Table 3: Average cumulative CO2 flux [Mg CO2 ha-1] under crop, fallow and in total with standard 669 
error of the means (se) and least significant difference (lsd) at 5% critical value. 670 
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 672 
 sub-daily daily Mon Wed 
0N 463.2 506.6 471.2 593.5 
CONV 411.1 467.2 483.4 638.7 
DMPP 298.1 354.5 324.3 441.7 
DMPP-red 324.0 367.3 281.1 625.4 
     
se 72.5 96.1 59.8 148.5 
Table 4: Estimates and standard error (se) of total N2O flux [g N2O–N ha-1] based on the complete 673 
(‘sub-daily’) series and  reduced frequency scenarios based on 0900-1200 samples daily and weekly 674 
on Mondays and Wednesdays. 675 
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 677 
 Total yield [Mg ha-1] Total number of heads per plot 
0N 4.8 36 
CONV 9.0 58 
DMPP 8.9 59 
DMPP-red 9.9 63 
   
se 0.4 3 
lsd 1.3 11 
Table 5: Average broccoli yield and number of broccoli heads per plot in total with standard error of 678 
the means (se) and least significant difference at 5% critical value.  679 
 680 
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Figure legends: 682 
Figure 1: Maximum and minimum hourly air temperature, daily mean soil temperature 683 
(10cm) , daily precipitation/irrigation and daily soil water-filled pore space (WFPS) over the 684 
study period at the Gatton Research Facility, Australia. 685 
Figure 2: Estimated average N2O-N flux from each treatment. Line breaks indicate end of 686 
harvest on October 23. Grey polygon encloses approximate 95% confidence limits for 687 
conventional N. Black arrows indicate the timing of fertiliser applications. Bars on the 688 
horizontal axis indicate timing and relative magnitude of rainfall and irrigation events that 689 
exceeded 5mm. 690 
Figure 3: Diurnal pattern of N2O and CO2 fluxes and soil temperature (10 & 20cm) over four 691 
measuring days for one measuring chamber of the CONV treatment. The dashed vertical lines 692 
represent 12:00 (noon). 693 
Figure 4: Estimated average CO2-C flux [kg ha-1 day-1] from each amendment. Line breaks 694 
indicate end of harvest on October 23. Grey polygon encloses approximate 95% confidence 695 
limits for conventional N treatment. Bars on the horizontal axis indicate timing and relative 696 
magnitude of rainfall and irrigation events that exceeded 5mm. 697 
Figure 5: Cumulated emissions based on complete observations compared with emissions 698 
based on daily observations within 8 time slots. Solid dots indicate average difference 699 
between estimates for each plot. Vertical bars span 95% confidence limits for the difference. 700 
Confidence limits that exclude zero (horizontal line) indicates a statistically important 701 
difference (p<0.05). 702 
Figure 6: Soil ammonium (A) and soil nitrate (B) content (0-10cm) over the study period at 703 
the Gatton research station, Queensland. Vertical bars span the estimate for CONV +/- twice 704 
the standard error. 705 
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Figure 1: Maximum and minimum hourly air temperature, daily mean soil temperature (10cm) , daily 709 
precipitation/irrigation and daily soil water-filled pore space (WFPS) over the study period at the 710 
Gatton Research Facility, Australia. 711 
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Figure 2: Estimated average N2O-N flux from each treatment. Line breaks indicate end of harvest on 714 
October 23. Grey polygon encloses approximate 95% confidence limits for conventional N. Black 715 
arrows indicate the timing of fertiliser applications. Bars on the horizontal axis indicate timing and 716 
relative magnitude of rainfall and irrigation events that exceeded 5mm. 717 
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Figure 3: Diurnal pattern of N2O and CO2 fluxes and soil temperature (10 & 20cm) over four 727 
measuring days for one measuring chamber of the CONV treatment. The dashed vertical lines 728 
represent 12:00 (noon). 729 
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Figure 4: Estimated average CO2-C flux [kg ha-1 day-1] from each amendment. Line breaks indicate 735 
end of harvest on October 23. Grey polygon encloses approximate 95% confidence limits for 736 
conventional N treatment. Bars on the horizontal axis indicate timing and relative magnitude of 737 
rainfall and irrigation events that exceeded 5mm. 738 
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 740 
Figure 5: Cumulated emissions based on complete observations compared with emissions based on 741 
daily observations within 8 time slots. Solid dots indicate average difference between estimates for 742 
each plot. Vertical bars span 95% confidence limits for the difference. Confidence limits that exclude 743 
zero (horizontal line) indicates a statistically important difference (p<0.05).  744 
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 745 
Figure 6: Soil ammonium (A) and soil nitrate (B) content (0-10cm) over the study period at the Gatton 746 
research station, Queensland. Vertical bars span the estimate for CONV +/- twice the standard error. 747 
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